Background-Observational studies examining the role of estrogen in the risk of kidney stone formation have shown conflicting results. However, randomized trial evidence on nephrolithiasis risk with estrogen therapy in postmenopausal women is lacking.
Conclusions-These data suggest that estrogen therapy increases the risk of nephrolithiasis in healthy postmenopausal women. These findings should be considered in decision making regarding postmenopausal estrogen use. The mechanisms underlying this higher susceptibility remain to be determined.
Nephrolithiasis is a common condition that affects 5% to 7% of postmenopausal women in the United States. 1 In addition to the suffering caused by an acute kidney stone event, longterm complications can include renal insufficiency. 2 Treatment of nephrolithiasis also incurs substantial costs, estimated at $2 billion yearly in the United States. 3 Although kidney stones occur less commonly in women than in men younger than 50 years, this disparity becomes less prominent in the sixth decade of life in parallel with the on-set of menopause in women. 4, 5 The sex difference in the incidence of nephrolithiasis has been ascribed to a possible protective role of estrogen against kidney stone formation in premenopausal women. 6 Observational studies examining the role of estrogen therapy on the risk of nephrolithiasis have shown conflicting results. Cross-sectional studies of postmenopausal kidney stoneforming women suggest that estrogen therapy may potentially be protective against nephrolithiasis based on 24-hour urinary parameters. 6, 7 On the other hand, analysis of data from the Nurses' Health Study did not find an association between postmenopausal hormone therapy (HT) use and incident kidney stones. 8 Because the process of kidney stone formation is influenced by a variety of lifestyle and other health-related factors, the true impact of estrogen therapy on the risk of kidney stone formation is difficult to infer from observational studies. To our knowledge, there are no previous randomized trials examining the outcome of kidney stone formation after estrogen therapy in postmenopausal women. The Women's Health Initiative (WHI) postmenopausal HT trials included 2 separate studies that examined the impact of HT in women with and without a hysterectomy. 9, 10 Their results on the risk-benefit profile of postmenopausal estrogen use on a variety of outcomes have been reported previously. 11, 12 This report provides new evidence on the effect of estrogen therapy on the incidence of nephrolithiasis.
METHODS PARTICIPANTS
A total of 27 347 postmenopausal women aged 50 to 79 years were enrolled in the WHI-HT trials at 40 US clinical centers between 1993 and 1998: 10 739 postmenopausal women with hysterectomy were enrolled in the estrogen-alone trial, while 16 608 postmenopausal women without hysterectomy were enrolled in the estrogen plus progestin (E+P) trial. The design of these 2 trials has previously been described in detail. 9, 10 The trials were approved by the National Institutes of Health and by the local institutional review boards of all participating institutions. All participants provided informed consent.
INTERVENTIONS
Women in the estrogen-alone trial were randomized to receive 0.625 mg/d of conjugated equine estrogens (CEE) (Premarin; Wyeth, Philadelphia, Pennsylvania) or matching placebo. Women in the E+P trial were given a single tablet of CEE plus 2.5 mg/d of medroxyprogesterone acetate (Prempro; Wyeth-Ayerst; St Davids, Pennsylvania) or matching placebo. The E+P trial was stopped early after a mean follow-up period of 5.6 years because the overall benefits of E+P were outweighed by the harms. 11 The CEE trial was stopped early after a mean follow-up period of 7.1 years because of increased strokes with no benefit for coronary heart disease. 12 
DATA COLLECTION AND OUTCOMES
Baseline evaluation included detailed self-administered questionnaires that assessed demographic, clinical, social, behavioral, and dietary characteristics of study participants. Height and weight were measured by a wall-mounted stadiometer and a balance beam scale, respectively, and body mass index was calculated as weight in kilograms divided by height in meters squared. Participants in the HT trials also underwent baseline clinical and gynecological examinations.
Six weeks after randomization, study participants were contacted by telephone to assess symptoms and to reinforce adherence. Standardized information on specific symptoms, safety concerns, and major health events was collected at 6-month intervals afterward, with a mandatory clinic visit annually.
Kidney stone disease was self-reported by the participants in the baseline and semiannual medical history update questionnaires. The specific wording in the questionnaires was "Has a doctor told you that you have kidney or bladder stones (renal or urinary calculi)?" No further ascertainment of stone disease was made in the WHI.
Incident stone is used to designate a participant's self-report of a urinary calculus after enrollment in the HT trial and is applied to all participants, including women with a known history of kidney stones at study entry.
STATISTICAL ANALYSIS
Selected risk factors were described for the study population by HT randomization assignment. Kaplan-Meier curves of reported kidney stone events were plotted by treatment assignment for all participants in the HT trials and for those who remained adherent throughout the trials. Nonadherence was prospectively defined for adherence monitoring purposes as consuming more than 80% of study pills (by pill weight), starting nonstudy prescribed HT during the most recent 6-month study interval, or reporting nonstudy HT use during the most recent medication inventory assessment, which occurred at baseline and years 1, 3, 6, and 9.
Cox proportional hazards models were used to analyze the effect of HT on the risk of kidney stones using an intention-to-treat approach. The main models were stratified on participation in the E+P and the CEE trials and randomization assignment for the WHI dietary modification trial. Adjustment for the randomization arm of the WHI calcium and vitamin D (CaD) clinical trial was done using a time-dependent covariate, since participants were randomized to the CaD trial 1 to 2 years after randomization to the HT trial. Also, models were stratified according to age group at screening (50-54, 55-59, 60-69, and 70-79 years), ethnicity, body mass index, and history of kidney stones at baseline.
A sensitivity analysis looking at the effect of nonadherence was performed by repeating the main analysis with additional censoring for events occurring after the estimated date of nonadherence. Subgroup analyses looking at the effect of HT on kidney stones within categories of major risk factors were modeled in the same fashion as the main model. The only time an adjustment variable from the main model was not included was when that variable was the risk factor being categorized. P values were obtained from a Wald test for the interaction term between treatment assignment and potential risk factor, whereby the risk factor was treated as a continuous variable. Under the null hypothesis, approximately 1 of the 11 interactions investigated would be expected to be nominally significant (P<.05) by chance alone.
RESULTS
The baseline characteristics of study participants are shown in Table 1 . The control and treatment arms were balanced with respect to baseline demographic and risk factors for kidney stone formation including lifestyle and dietary elements. A history of nephrolithiasis was reported by about 4% of the study population at the time of the screening visit. Approximately 26% of women enrolled in the E+P trial reported prior or current use of HT at study entry (before washout), while 47% of women with hysterectomy had used HT. The only statistically significant difference (P<.05) between the CEE and the CEE-placebo groups at baseline was dietary oxalate intake (based on dietary recall), although the difference was small (289 mg/d vs 295 mg/d; P=.02). Similarly, a small but statistically significant difference was noted between the E+P and the placebo groups in terms of baseline intake of vitamin C (314 mg/d vs 332 mg/d; P=.02).
Of the 27 347 women randomized to the HT trials, 2727 had missing data regarding a history of kidney stones at study entry and were excluded from the Cox models, which included stratification based on baseline history of kidney stones. Therefore, a total of 24 620 women were included in the Cox models analysis: 9607 from the E+P trial and 15 103 from the CEE trial. A total of 335 incident cases of nephrolithiasis were reported in the active treatment group, while 284 cases occurred in the placebo group (Figure 1 ). The corresponding annualized incidence rate per 10 000 person-years was 39 in the treatment group and 34 in the placebo group (Table 2) .These rates translate to a hazard ratio (HR) of 1.21 (95% confidence interval [CI], 1.03-1.44) with postmenopausal hormone use.
After data were censored from women when they ceased to adhere to the study medication, HT resulted in a 39% increase in incident nephrolithiasis (HR, 1.39; 95% CI, 1.08-1.78). Hormone therapy increased the risk of nephrolithiasis to a similar extent in both trials (HRs, 1.24 and 1.19 for the E+P and the CEE trials, respectively). Nephrolithiasis occurrence was 5 times more common in women with a history of kidney stones at study entry, although this higher incidence was not significantly altered by estrogen therapy (Table 2) .
No significant interactions were found with age, ethnicity, body mass index, prior HT, or use of coffee or thiazide diuretics (all P values for interaction, ≥.20). There was a suggestion of a decreased HR in women with longer time since menopause at study entry (P=.06); however, this association was likely driven by the relatively higher HR in women who entered the trials 6 to 10 years after menopause.
The Kaplan-Meier estimates of cumulative hazards of nephrolithiasis for all participants and adherent participants only are shown in Figure 2 . These curves showed a divergence starting in the second year after randomization. Because this was the time when some women were also enrolled in the WHI-CaD supplementation clinical trial, we examined the possibility of a potential interaction between HT and CaD use on the risk of kidney stones. Of the women in the WHI-HT trials, 16 089 were also randomized into the WHI-CaD trial (8117 in HT active arms; 7972 in HT placebo arms). There was a suggestion (P=.11) of an increased risk with combined CaD and HT use vs CaD and placebo (HR, 1.40; 95% CI, 0.95-2.05).
COMMENT
These WHI findings demonstrate, for the first time in a randomized, placebo-controlled trial, an increased risk of nephrolithiasis in postmenopausal women receiving estrogen therapy. The risk of incident kidney stones was increased with CEE alone and with CEE combined with progestin, with similar HRs. Before this report, the only other published study examining the association between postmenopausal estrogen therapy and the incidence of nephrolithiasis found no relationship between HT and incident kidney stones. 8 In that report from the Nurses' Health Study, 8 estrogen use was not randomized. The disparity in the findings between the WHI and the Nurses' Health Study may therefore be attributable to the differences between HT users and nonusers, which could not be controlled for in that nonrandomized study. Although the current study represents a post hoc analysis, the randomized design led to similar baseline characteristics with respect to nephrolithiasis risk in placebo-and actively treated participants ( Table 1 ).
The pathogenesis of kidney stone formation is complex and influenced by genetic and environmental factors. 13 Estrogens may affect several key steps in kidney stone formation, including the urinary excretion of kidney stone constituents and of urinary promoters and inhibitors of kidney stone formation. One potential mechanism for the higher incidence of stone disease with HT could be through enhanced urinary uric acid excretion with estrogen use. 14, 15 Greater uric acid excretion, in turn, could lead to heterogeneous nucleation of calcium oxalate. 16, 17 In healthy postmenopausal women, estrogen therapy enhances intestinal calcium absorption, 18 reduces bone resorption, 19 and increases renal tubular reabsorption of calcium. 20 Compared with nontreated postmenopausal kidney stone-forming women, those treated with estrogen therapy had lower urinary calcium excretion in one previous study 6 and a higher urinary calcium excretion in another report. 7 Similarly, conflicting results have been reported on the effects of estrogen therapy on urinary citrate, a major inhibitor of calcium oxalate and calcium phosphate crystal growth and kidney stone formation. 6, 7 Finally, while oral estrogen use increases serum concentration of the prothrombin fragment 1, 21 a molecule found both within calcium oxalate stones and more abundantly in the kidneys of kidney stone formers than in healthy individuals, 22 its effects on urinary prothrombin fragment 1 have not been reported. The impact of estrogen therapy on urinary biochemical composition of stone components was not evaluated in the WHI study.
The incidence of nephrolithiasis in the WHI-HT trials was approximately 35 per 10 000 person-years. In comparison, kidney stone incidence in women older than 50 years in Rochester, Minnesota, was approximately 10 per 10 000 person-years. 23 In the Nurses' Health Study I, the kidney stone incidence was 10 in 10 000 person-years for the overall population, 20.5 per 10 000 person-years in postmenopausal women, and 26.2 per 10 000 person-years in women with surgical menopause. 8 The higher kidney stone incidence in the WHI compared with the Nurses' Health Study could in part be attributable to the higher body mass index in the WHI, as greater body size is associated with heightened nephrolithiasis risk. 24 Furthermore, kidney stone incidence in the Nurses' Health Study was based on data collected between 1980 and 1998, while WHI data were collected between 1993 and 2003. Therefore, the higher incidence of stone disease in the WHI-HT trials may in part reflect the rise in disease incidence 23 and prevalence. 1 Finally, in the WHI, kidney stone disease was self-reported by participants in the medical history update questionnaire without further confirmation. In comparison, self-reported stone disease was corroborated by an additional questionnaire in the Nurses' Health Study, while kidney stone incidence in the report from Rochester was based on International Classification of Diseases, Ninth Revision, codes. 23 Differences in ascertainment could contribute to higher rates of kidney stone disease in the WHI.
In the WHI, the incidence of nephrolithiasis was higher in the CEE trial (in women after hysterectomy) than the E+P trial (in women with intact uterus) ( Table 2 ). This finding was observed irrespective of treatment arm, suggesting that progesterone coadministration is not responsible for this effect. These results are compatible with the Nurses' Health Study results, which found a higher incidence of nephrolithiasis in women with surgical menopause. 8 The mechanism underlying this observation is not clear. However, surgical menopause results in a more sudden loss of ovarian production of estrogens and androgens, which may enhance bone loss 25 and urinary calcium excretion, potentially raising kidney stone risk.
Since the publications of the principal results from the WHI-HT trials, 10, 11 postmenopausal estrogen use has declined considerably in the United States. 26, 27 A concomitant decline in the incidence of breast cancer has been seen, 28 which has been attributed in large part to reduced estrogen use. 28, 29 While the link between estrogen and nephrolithiasis is not as strong as that with breast cancer, it would be interesting to evaluate whether the incidence of nephrolithiasis among postmenopausal women changed over the past decade.
One limitation of the current study is that the incidence of nephrolithiasis was measured by self-report in questionnaires and was not confirmed by review of records. However, reporting bias is unlikely to have occurred to a different degree in placebo-vs actively treated participants. Furthermore, self-reported incident kidney stone disease could be ascertained by record review in more than 95% of participants in other studies, such as the Health Professionals Follow-up Study and the Nurses' Health Study I. 30,31 Another limitation is that only dosages of 0.625 mg/d of CEE or 0.625 mg/d of CEE plus 2.5 mg/d of medroxyprogesterone acetate were studied in the WHI-HT trials. Therefore, our ability to generalize these findings to women taking other HT formulations is limited. Further research is needed on the effects of different estrogen formulations on the risk of nephrolithiasis and changes in urine composition.
In conclusion, these results from a large, double-blind, placebo-controlled, randomized clinical trial indicate that estrogen therapy increases the risk of nephrolithiasis in healthy postmenopausal women. The mechanisms underlying this higher propensity remain to be determined. In view of the sizable prevalence of nephrolithiasis in this segment of the population, these findings need to be considered in the decision-making process regarding postmenopausal estrogen use. 28 Profile of the hormone therapy trials in the Women's Health Initiative included in the current analysis. CEE indicates conjugated equine estrogens; E+P, estrogen plus progestin; and PBO, placebo. Kaplan-Meier estimates of cumulative hazards for kidney stones reported during the Women's Health Initiative hormone therapy trials. CEE indicates conjugated equine estrogens; CI, confidence interval; E+P, estrogen plus progestin; and HR, hazard ratio. A, E +P trial: all participants. B, CEE trial: all participants. C, E+P trial: adherent participants. D, CEE trial: adherent participants. 34 (20) 35 (19) 35 (20) Calcium from supplements, mg/d
260 (477) 248 (472) 312 (517) 302 ( Abbreviations: BMI, body mass index (calculated as weight in kilograms divided by height in meters squared); CaD, calcium and vitamin D; CEE, conjugated equine estrogens; CI, confidence Interval; DM, dietary modification; E+P, estrogen plus progestin; HR, hazard ratio for incident nephrolithiasis. a The annualized rates are shown as the percentage of participants reporting kidney stones during follow-up. Cox models were stratified according to WHI-HT, DM, and calcium and vitamin D trial randomization; age group; and history of kidney stone unless used in a subgroup analysis. Cox models analyses are based on 24 620 women only, as 2727 participants with no data on history of kidney stones at study entry had to be excluded from the analyses.
b P values were obtained from an interaction term between treatment assignment and potential risk factor.
